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TILT-ROTOR FLUTTER CONTROL IN CRUISE FLIGHT

Ken-ichi Nasu*
Ames Research Center

SUMMARY

Tilt-rotor flutter control under cruising operation is analyzed. The rotor model con-
sists of a straight fixed wing, a pylon attached to the wingtip, and a three-bladed rotor.
The wing is cantilevered to the fuselage and is allowed to bend forward and upward. It
also has a torsional degree of freedom about the elastic axis. Each rotor blade has two
bending degrees of freedom. Feedback of wingtip velocity and acceleration to cyclic pitch
is investigated for flutter control, using strip theory and linearized equations of motion.
To determine the feedback gain, an eigenvalue analysis is performed. A second, indepen-
dent, timewise calculation is conducted to evaluate the control law while employing more
sophisticated aerodynamics. The effectiveness of flutter control by cyclic pitch change was
confirmed.

NOMENCLATURE
A blade aspect ratio
ks defined in equations (55) through (61) for k =1,...,7

Aw wing aspect ratio

a. position of elastic axis from leading edge, nondimensionalized by wing
chord

a;, a; ith, jth generalized coordinate for wing deformation

ajk kth generalize coordinate for the wing’s jth deformation mode:
a;,a;,a5,a5,a; for k =1,...,5, respectively

ay position of pitch axis from leading edge, nondimensionalized by wing
chord
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GJw
w1

1
Gij

matrix, containing virtual work on blade caused by lateral cyclic
pitch

matrix, containing virtual work on blade caused by longitudinal cyclic
pitch

Theodorsen function

sectional drag coefficient

sectional lift slope

sectional pitching moment coefficient

position of center of gravity of wing from leading edge, nondimension-
alized by wing chord

blade chord

wing chord

physical state equation matrix, defined in equations (112) and (114),
and in appendix B

drag per unit length

wing drag per unit length

physical equation matrix for the nth order time derivative of state
vector X; defined in equations (112) and (113), and in appendix B
blade bending stiffness perpendicular to chordline

blade bending stiffness along chordline

wing bending stiffness perpendicular to chordline

wing bending stiffness along chordline

virtual work on wing caused by blade loading through the sth defor-
mation mode

wing torsional moment around the elastic axis (positive nose up)
wing loading in x-direction per unit length (positive upward)

wing loading in z-direction per unit length (positive forward)

virtual work on wing caused by wing loading through the ith defor-
mation mode

wing torsional rigidity

constant virtual work component on the wing, defined by equation
(105)

virtual work component on the wing caused by the wing’s jth defor-
mation mode in term of generalized coordinates a; and a; for k = 2,3,
respectively; defined by equations (106) and (107)

mast height; distance between rotor and the wing elastic axis

unit matrix of order nine

blade flapping mass moment of inertia
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constant (independent of generalized coordinates) virtual work com-
ponent on blade caused by the blade’s jth deformation mode; defined
in equation (87)

virtual work components on blade caused by the blade’s jth defor-
mation mode in terms of generalized coordinates (a;k); defined in
equations (93) through (97) for k =1,...,5

virtual work component on blade defined in equation (98)

virtual work component on blade defined in equation (99)

virtual work components on blade caused by the wing’s jth defor-
mation mode in terms of generalized coordinates (g;k); defined in
equations (88) through (92) for k =1,...,5

pylon pitching mass moment of inertia about the intersection of pylon
and wing elastic axis

pylon rolling mass moment of inertia about the intersection of pylon
and wing elastic axis

pylon yawing mass moment of inertia about the intersection of pylon
and wing elastic axis

wing mass moment of inertia around elastic axis per unit length
virtual work component on wing caused by the blade’s ith deformation
mode in terms of generalized coordinates g;k; defined in appendix A
fork=1,...,5

virtual work component on wing caused by cyclic pitch (cosine term);
defined in appendix A

virtual work component on wing caused by cyclic pith (sine term);
defined in appendix A

virtual work component on wing caused by the wing’s 1th deformation
mode in terms of generalized coordinates g;k; defined in appendix A
fork=1,...,5

constant virtual work component defined in appendix A

constants, associated with first, second order time derivatives of
wing deformation variables - (u,,, w,,, py), for lateral and longitudinal
cyclic pitch; equations (116), (117)

wing semispan

lift per unit length

blade lift per unit length

harmonic component of lift

steady component of lift

virtual mass component of lift

wing lift per unit length



Pon
Pzn
Qi

95k

dni

Swkj

Mach number

blade mass

pylon mass

blade mass per unit length

wing torsional (pitching) moment around elastic axis per unit length
harmonic component of wing pitching moment

steady component of wing pitching moment

virtual-mass component of wing pitching moment

wing mass per unit iength

number of blades

wingtip pitch angle caused by ith deformation mode; equation (44)
wingtip roll angle caused by ith deformation mode; equation (45)
wingtip yaw angle caused by ith deformation mode; equation (43)
virtual work done by the forces on nth blade through the ith defor-
mation mode

wingtip deformation matrix, containing Py ; terms, equation (126)
ith mode of wing torsion deformation p,,

wing torsional deformation around the elastic axis (positive nose up)
nth blade loading in the rotational plane (positive rotational direc-
tion)

nth blade loading out of rotational plane (positive forward)

defined in equations (49) through (53) for k = 1,...,5

blade generalized coordinate for jth deformation mode:

4505 45s>9jcr G5c- 955 for k =1,...,5, respectively

ith generalized coordinate for nth rotor blade deformation

rotor radius

radius at airfoil inboard section (rotor cut-out)

rotor blade radial position from center of rotation

pylon displacement in x-direction (positive upward)

pylon displacement in z-direction (positive forward)

stability matrix, equation (127)

air loading component caused by blade’s jth deflection mode in terms
of generalized coordinates (g, ); defined in equations (76) through (80)
fork=1,...,5 ‘
wing area

air loading component caused by wing’s jth deflection mode in terms
of generalized coordinates (a;); defined in equations (81) through (85)
fork=1,...,5
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static mass moment of wing around elastic axis per unit length, S, =
Myew(ae — ¢g)

transformation matrix defined in equation (30)

time

air velocity at blade section

tth mode of wing deformation u,,

induced velocity

blade tip velocity

wing upward deformation

wingtip deformation matrix, containing Viy; terms, equation (124)
airplane cruise velocity

ith mode of blade deformation v,

air velocity at rotor blade section

1th mode of wing deformation v,,

defined in equation (7)

defined in equation (8)

downwash caused by wing

in plane air-velocity component relative to blade caused by wing de-
formation

nth blade inplane deformation (positive in rotational direction )
out-of-plane air-velocity component relative to blade caused by wing
deformation

blade deformation velocity perpendicular to 7" x Q+V
wing deformation in x-direction (positive upward)
wingtip deformation matrix, containing Wy ; terms, equation (125)
ith mode of blade deformation w

ith mode of wing deformation w,,

defined in equation (9)

defined in equation (10)

nth blade out-of-plane deformation (positive forward )
wing deformation in z-direction (positive forward)

state vector, defined in equation (115)

wingtip x-displacement caused by ith mode; equation (41)
wing spanwise position from aircraft symmetry plane
wingtip z-displacement caused by ith mode; equation (42)
angle of attack

geometric angle of attack

induced velocity

circulation
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Superscript
c

I
s
0

correction factor, given by 1172

aspect ratio correction factor

correction factor for spanwise location of vortex trailing
blade pitch angle

lateral cyclic pitch

pitch control input (collective and cyclic) for nth blade
longitunal cyclic pitch

wing pitch angle

collective pitch

air density

pylon pitching angle (positive nose up)

pylon rolling angle {positive clockwise)

pylon yawing angle (positive counterclockwise)

inflow angle

inclination of wing lift

azimuth angle of nth blade

rotor rotational velocity

rotor ith modal natural frequency

wing th modal natural frequency

transposed matrix

complex variable
time derivative 2, 2
ime derivative 33, 3
82 3°
3y ay®’
. . . - 2
or radius-wise dern}ratlve %, 53;5, 58;35
cos(¥n) term; cyclic pitch
deformation mode t,7
nth rotor blade
constant term, i.e., independent of t,; collective pitch
sin(¢,) term; cyclic pitch
wing tip
zero square matrix of order nine

spanwise derivative 3‘% ,

lateral cyclic pitch
inverse matrix
longitudinal cyclic pitch
collective pitch




Subscripts

B, b blade

c lateral cyclic pitch

d indicates constant associated with first order time derivative
dd indicates constant associated with second order time derivative
1,7,k indices

P wing torsional deformation

s longitudinal cyclic pitch

tip wingtip

u wing upward deformation

W, w wing

w in K-constants: wing chordwise deformation

T in z-direction

z in z-direction

INTRODUCTION

The tilt-rotor aircraft is one of the promising transportation systems of the near future.
It realizes a unique flight capability with its configuration. In the current trend toward
using active control systems to widen the allowable flight conditions in fixed-wing aircraft
or in conventional rotorcraft, it is of interest to consider active controls for the tilt-rotor
aircraft to expand its flight envelope, maneuverabily and versatility. Active control systems
for rotorcraft have been studied for years, but until recently almost all such studies dealt
with active control systems to reduce the vehicle’s gust response. It may be said that
those studies have been aimed at coping with unusual phenomena which occur under
normal operating conditions. In contrast, the objective of the flutter control studies is to
enable the aircraft or rotorcraft to fly at higher speeds, to dive more steeply, or to allow
a reduction of structural weight. In this report, tilt-rotor flutter control using rotor cyclic
pitch is treated using the governing equations of reference 1. Determination of the control
law is based on a harmonic method using wing tip deflection as the feedback. The control
law determined in this way is further examined by timewise calculation using the local
circulation method, where more precise aerodynamic theories are involved (references 2
through 5).



TILT-ROTOR MODEL AND EQUATIONS OF MOTION

Figure 1 illustrates the tilt-rotor model considered here, which consists of a can-
tilevered wing, a pylon, and rotor blades. This model is for airplane cruise mode, which
is the major concern in this report. Operation in helicopter mode or tranition mode is
not considered. The wing has one torsional and two bending degrees of freedom about the
elastic axis. Wing dihedral angle and sweep angle are not considered. The pylon is rigidly
attached at the wingtip, its direction is assumed to be parallel to the cruising velocity,
and at the end of the pylon is a hingeless three-biaded rotor. The rotor blade also has
a straight elastic axis, with elastic lead-lag and flapping degrees of freedom. In both the
wing and the rotor blade, one of the principal elastic axes for bending coincides with the
zero-lift- or chord-line. Aircraft motion is not considered. Since the wing is cantilevered
to the fuselage, wing antisymmetric motion is also neglected (reference 6).

One coordinate system is assumed fixed to the aircraft (figure 2); consequently, it is
an inertia system. The X-axis is directed upward. The Y-axis coincides with the wing
elastic axis. The Z-axis is directed forward. The aircraft cruising velocity V is in the Z
direction, but the wing-elastic principal axes do not necessarily coincide with the X- and
Z-axes. The origin of this coordinate system is located at the intersection of wing elastic
axis and aircraft-symmetry plane. The rotor is located at a distance h forward from the
wing elastic axis at the wingtip.

Figure 3 shows the wing and blade deflections. The wing deflection is expressed
in the X- and Z-direction, u,, and w,, (positive upward and forward, respectively), and
torsion about the elastic axis, p,, (positive nose up). The deflected position of the pylon
root is described as (uy,tip, L, Wy tip) OF (rz, L, rz). The pylon direction is given by
yawing, pitching, and rolling angles that are denoted by vy, v,, and v,, respectively, which
are equal to wfu,t,-p, Pw,tip and —u(v,tip, respectively. The rotor rotates clockwise for an
observer looking forward and the nth rotor blade azimuth angle ,, is measured from the
vertical position. This reference direction moves with the pylon rolling motion, so the
blade azimuth angle in reference to the inertia system is given by ¥, + v, (figure 4). Blade
deflection is expressed in terms of in-the-rotational-plane v, (positive in the rotational
direction) and out-of-the-rotational-plane w, (positive forward) bending.

The blade and wing deflections are described in series of natural modes (reference 7).

o =Y gni(t)Vi(r) (1)

i

Wo =) qni()Wi(r) (2)




Uy = E ai(t)Uw:(y) (3)
Wy = Z ai(t)Ww;(y) (4)
Pw = Zai(t)PWi(y) (5)

t

The equations of motion for the blade and wing generalized coordinates g¢,; and a; are
taken from reference 1.

The equations for the deformation of the nth rotor blade are

- . g h h
dni t+ W?Qni + Vi, — Vo, (R RVp) sin ¢, + WOz R RV01Vy Cos Py,
+ Wiy sin ¢, — Wiy cos ¢, + 2QWy,0y cos ¢y, + 20W;0p sin ¢,

=P, (6)
R
VOt =R m‘/; dr (7)
0
R
Vii= mrV;dr (8)
0
R
Woi=R mW, dr (9)
0
R
Wh' = er,; dr (10)
0

where P! is virtual work done by the forces on the nth blade through the ith deformation
mode .

For wing deformation the equation is

a; + w?m'ai + IBNQWyp, 1iolp — Pwitipty)
U! W, WWj,tip o
+ Z Z Vl] Wy tip + 05 R )an
n=1 3

(Dwisip o
+[ Vos ] £+ EPWJ',tip)+W1;'Wv';/j,tip gnj sin ¢y,

9




h -
- (VOJ"R‘ + WlJ'PWj,tip)an‘ cos Yy,

Uw. +: h .
- 2QVOJ'(—‘V$ + 'EPWj,tip)an cos Yy,

h L
+ ZQ(EVOjW‘ij,ﬁp)qnj sin oy,

h
+ 92(—}_2V0jW‘5Vj,tip - lePWj,tip)an €OS Yy

R R
=F; +G; (11)

Uwisim | h .
+0? VOj(M + — Pwjtip) + leW{Vj’tip] gn;j Sin zp,,}

where F; and G, are the virtual work done by forces on blade and wing, respectively,
through the ith deformation mode. Natural modes V;, W;, Uw;, Wy, and Py, and cor-

responding frequencies w; and w,,; satisfy the following equations of motion and boundary
and normalization conditions.

Equations of motion for the natural modes of vibration are

Blade:
d? d*W;
s [(Elcsm 8 + Elp cos? 6) arZ ]
d2 d*v;
+ o3 [(EIC ~ EIp)sin? 8 cos? 0—d—r—2—]
R .
— ;;i ( mzdz%) - w?mWi =0 (12)
r r r
d2 d*v;
o2 [(Elccos 0 + Elpsin® )] ar2 }
d? . 2 dzwi
+ ;1——2 [(EIC - EIB) dr?2 }
d R dw;; 2 2
- ol m(w; + Q°)V; =0 (13)
Wing:
d? . 2 2 d*Uwi
a;—z; [(Elcw sin“ 8, + ElIgw cos 0w) ay? ]

10




d2 L,
+ “‘1'5'2' [(EICW - EIBw) sin“ @, cos? 0,
— w:‘:,i(mw — San,') =0

d*Ww,
dy?

d2
dy?

2 .
I:(EICW COS2 0w + EIBW Sin2 0w) d WW%]

dy?
d? 2 2
+ @—2- [(EICW - EIgw) sin 0w COS 0w

2 —
- wwimeW,' =0

d?Uw;
dy?

d

dPy,
al <GJW ud

dy

dy ) wwl(ww+ Uw) 0

The equations for the boundary conditions are
At the bladetip:
V!=0,V"=0,W'=0 W"=0
At the bladeroot:
V;=0,V/=0,W; =0, W/=0
At the wingroot:
Uw; =0, Uy, =0, Wy, =0, Wy,, =0, Pp; =0

At the wingtip

d
Mpf, — — {(EICW sin® 8, + Elpw cos® 0,,)

62Uw,'
dy

Jy?
*Ww,
dy?

- a% [(EICW — EIgw)siné, cosé,,

+ NMg#, + NMphiz, = 0

d
Mpr, — — [(Elcw cos? 6, + Elgw sin’ ow)

32Uw,'
dy

dy?

11

(14)

(15)

(16)

(17)

(18)

(19)

(20)



0 ) *Ww
- 3y [(EICW — Elgw)sinf, cos 0,,,-—8—!%1
+ NMp#, =0 (21)
- 2 .2 a2UWi
IyDy + (Elcw cos® 8y, + Elpw sin® 8,,) 392
. *Ww;
+ (Elcw — Elgw)sin 8y, cos ow—gy—zw—
2. N _ .
+ NMpgh Vy+—2‘IBVy=0 (22)
" 0Py . N .
Ly, + Glw a:,V + NMph®s, + S Ipip = 0 (23)
. . *Uw;
1,0, — (Elcw sin’ 8, + EIpw cos®8,,) aygv
*Ww;
— (Elcw — Elgw)sin 8y, cos "W‘b‘;ﬁw— + NIgi, =0 (24)
The equations for the normalization conditions are
Blade:
R
/O m(V:+W2)dr =1 (25)
Wing:

L
[ (o 08+ W) + BBl + 25.UwiPu] dy
4]

+ | Mp (U + W) + oy Wiy + Lpp Py + Ior (U:)']

y=L
+ NMp |(Uws + hPwd)” + b W) + W]
y:
NI
+ ‘Q*B‘ [2 (Uwd)* + Wi)® + PV2Vz'] Lo 1 (26)
y:

These equations do not have the expressions for the virtual work terms P:, F; and G;.
These virtual work terms are directly related to the air loading and can be calculated under
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various assumptions such as quasi-steady or unsteady aerodynamics, lifting line theory, or
lifting surface theory. There are many possible options in calculating aerodynamic loading,
and some of them restrict the validity of the final equations. For that reason, details of
the air loading estimation are not given in this chapter and air loadings are assumed to
be given. Methods to calculate the air loading to complete the equations and to enable
it to be numerically calculated are given in the following chapters. In the actual aircraft,
gravitational force also contributes, but this effect is neglected in this report. However, the
gravitational force depends only on the mass distribution, so it could be easily included.

Since the blade is rigid in torsion, only lift and drag are considered in the blade
equation of motions. The direction of lift and drag are determined by the direction of the
inflow, including the rotor-induced velocity, which also depends upon the method of air
loading estimation. To avoid additional assumptions, the blade air loading is given by the
components in the rotational plane py, (positive in the rotational direction) and out-of-
rotational plane p., (positive forward), in the same directions as those used in defining
the blade deformation. The forces acting in the radial direction are not considered since
the blade is assumed to neither stretch nor shrink in that direction. Thus the virtual work
in the equations of motion for the blade is given by

R
P:L = / (POnVi + pani) dr (27)
0

As for the case of the blade, wing loading is also given without specifying any aerody-
namic theory. It is given in cruising direction f, (positive forward) and upward direction
fz- The wing has a torsional degree of freedom and the torsional moment about the elastic
axis is given by f,, (positive nose up). Then the virtual work G; is

L
G; = / (fzUw: + f-Ww; + m.Py;) dy (28)
0

The virtual work on the wing by the blade air loading F; is given using the wingtip
positions Uw; tip and Wy, 45, and its rotation Pw; tip.

t

N R Uwi tip 0
r=Y [ { o | @ | pon
n=170 Wwi,tip Pzn
W‘fVi,tip i r 0
+ PWi,tip (T) Un X Pén } dr (29)
~UWw: tip h + wy Pzn

13



The variable (T') is the transformation matrix from the rotating coordinate system fixed
to the blade before deformation to the inertia coordinate system fixed to the aircraft and
is given by

1 —vy Yy cosy¥, -—siny, O
(T)y=1{ v, 1 -y sinyy, cos¢, O (30)
—Up Uy 1 0 0 1

Blade and wing deformation are expressed by the summation of natural modes for
each degree of freedom.

Wp = Zj:lwi(")qni(t) (31)
Up = évi(r)‘hu (t) (32)
Uy = ;UWi(y)ai(t) (33)
Wy = }éwwt‘(y)af(t) (34)
Pw = ilpwt‘(y)ai(t) (35)
rp = iXia,(t) (36)
ry = é}’ia,(t) (37)
Yy = gNy,a,(t) (38)
vy = Z:Nmal(t) (39)
v, = \:j Nyiai(t) (40)




X = Uwi tip (41)

Zi =Wwi tip (42)
Nyi =Wy, i (43)
Npi = Pwi tip (44)
Ny = _U‘,’Vi,tip (45)

Even when a simple model is assumed, such as a fully articulated, nonelastic blade, the
following formulation does not become simple because of the high inflow ratio. Each
blade is controlled by cyclic and collective pitch; thus 8, and ¢,; are composed of three
cormnponents

0, = 0o(t) + 0,(t) sinyp, + 0.(t) cos ¢, (46)
Gni = gio(t) + gis(t) sin¥n + gic(t) cos ¢ (47)

Substituting those relations into the equations of motion, the following relations are ob-
tained

Blade:

diot+w? gio
+ (‘.jis — 200 gsc — n? Qis + W,? q;'s) sin ¥,
+ (éic + 20 g;s — 0?2 Qic + w? gic) cOS Yy,

+ Z[Qu% (@, + Qb;d5) sinthn + (Qh;d, + Q%,d;) cos )

_ P;. (48)

i Z;
1; = —V1ilNej + WOiE (49)
. Vo

Q3 = 13 (Xj + hNp;) + WiiNy; (50)

QL; = 20Wy; N, (51)
i h

Qs = —WilNp; — ZVoilNy; (52)

Qi; = 2OW ;N (53)

15



(where Voi, Vii, Woi, and Wy, are given by equations (7) through (10))

Wing:

3
di+wh;ai + IpNQ Z(Nyinj — NpiNy;)é;

1=1
N 2
, T‘T‘[ AT o oio (41 (2 _a0s _ 02 Y\ At = oAt o AL o]
s ZJ Z“lnl" 70 T BULYn [, \Yis &3k Yye i i8) T 4325 410 T Ay, 40 T gy Y410
n=1j5=1
+ cos Yn [Al;(dic + 20 gis — 0% gic) + A Gio + Aj dio + A%; gio]
1 — cos 2¢ —— . o .
+ ———5——1 [A%; (Gis — 20 Gic — 0% gis) + Alj(dia — D gic) + 4g; Gis)
1 +cos 2y . . . :
— (AL, (G + 20 Gia — 02 gic) + Al (dic + D ia) + A7, dic]

| I . . . .
+ 5 sin 2'9[)71 [A;j(qn: + 20 qis — 02 Qic) + Ag_-, (Qis - 20 Qic — Qz Qis)

+ AL (dic + N i) + AL;(dis — D gic) + Abj Gic + AT; g }

= F;+G; (54)
= VN + Wo,'é (55)
R

4y = (X + hNpi) + W; Ny (56)

5 = —VOJ‘%Nyi — W1 Npi (57)

Al = —m%vojzvy,- (58)

gj = *29%()(1‘ + hNpi) (59)

Ay = 0° %(X,- + hNpi) + Wi Ny (60)

= ’}1_292(hVOjNyi — RWy; Npi) (61)

When one compares the terms multiplying the constant (independent of ¥,), sin¢, and
cos ¥,, terms of equation (48) and the constant term of equation (54), the equations defining

16




gio, Gis, qic, and a; are obtained

3
Gio + w? qo + ZQL&J‘ = (Pri)o

7=1
3 . .
Gio — 20Gic — (0% — wi)gua + Y _(Q%; 8, + @4, 85) = (PL) .
=1
3 .
Gic +204is — (0% — wi)gee + ) _(Q%; &5 + QL a5) = (PL) .
=1
3
di +wliai+ Y IBNQ(NyiNpj — NpiNyj)a;
=1
\ . .
. . NAL.  NAL
+ Z [NA;J d5o + szqja + “flqjc
J=1

N . s LN "
+5( ;J~+2QA‘3]-)q,-s+5( 5 — 2004%)) dj.

N, . . .
+ > (48, + 045, — 02 5i) Gis

N, : .
T3 (47, — QAY; — 02 A%)) Qjc]

= (Fi + G,‘)O

(62)

(63)

(64)

(65)

where subscripts ( )o, ( )sin, @and ( )cos indicate constant (independent of azimuth angle)
terms, sin ¢, and cos ¥, terms, respectively, which are considered next. The number of
blades N is assumed to be odd and greater than two in these equations, but the calculations

for an even-bladed rotor can be done in a similar manner.

The virtual work terms on the right hand side of equations of motion (62) through (65),
need to be determined next. The terms should be in a linear form to apply the harmonic
method. The deflection itself, rather than the deflection from the equilibrium state, is
used in the linearization. Thus, the coefficients of generalized coordinates (i.e., coefficients
for the first order in Taylor expansion) are different from those at a deflected equilibium
point. However, the equilibrium value is not correct under the simplifications involved in
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the air loading calculations, especially using a simple aerodynamic theory. This approach
was chosen to avoid additional assumptions and to make the following calculations simple.
Figure 5 gives schematic views of the air loading geometry on the blade and the wing. The
blade aerodynamic force is calculated using quasi-steady theory. The Prandtl-Glauert rule
is applied to correct for compressibility effects. The blade lift and drag per unit span, !
and d, respectively, and the in-plane and out-of-plane aerodynamic forces py, and p,, are
written as

pon = —Iising — dcos ¢ (66)
Pzn = lcosé — dsing (67)
1
| = ———pVZcCla 68
i ke Clae (68)
1
d= 2 pVEcCy (69)
Va = VVT (0] (10
%
— -1f 7
¢ = tan (rn> (71)
The blade-angle-of-attack equation is
1
a=0—-¢+ V—(vin SIN @ — Voyt cOS @) (72)
R
Vin = U5 + 10y + (T2 — hp + Vi) sing, + (—hoy + Vi) cos ¢, (73)
Vout = Wy + Fo + rlysinth, — rip cos i, (74)

where v;,, and v,y are the air-velocity components relative to the blade caused by wing
deformation, and ¢ is the inflow angle. The induced velocity is neglected, since it is small in
comparison with cruising velocity, and stability not static deflections is the major concern
of this study. When v;, and v,,: are written in terms of natural modes and Fourier-type
generalized coordinates, the following relations are obtained

Vin SIN@ — v,y COS @
2 3
= E SBquJ'O + E Sledj
71=1 =1

2 2 3 3
+ sing, Z SB2;4js + Z SBsjgjc + Z Swaja; + Z Swaja;
1 =1

= J=1 =1 J

2 2 3 3
+ cos ¥y, Z SB4]'q.jc + Z SBSijs + Z SW4jdj + Z SW4ja-j (75)
1=1 Jj=1 j=1 J=1
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Sp1j = Vjsing — Wjcos¢ (76)
Sp2; = SB1j (77)
Spa; = —1SBy; (78)
Sp4j = SB1j (79)
Sps; = Sp1; (80)
Swi; = rN,;sing — Zjcos¢ (81)
Swej = —(X; + hNp;)sing — rNy; cos ¢ (82)
Swaj = V. Npjsing (83)
Swaj = —hNy;jsing + rNp; cos ¢ (84)
Sws; =V Ny;sin¢ (85)

The relations {66) through (85) give blade and wing air loading in terms of the gen-
eralized coordinates. Substituting equations (66) and (67) into (27), the virtual work on
the blade caused by the blade air loading is given as follows:

2 3
Pi=Iso+ ) Ibyidio+ Y Iy, 6

1=1 71=1

2 2 3 3
Z Tp2;d5s + Z Ipa;je + Z Lyoj0; — Z Iwzya; + I | sing,

2 2 3 3
S Thydic+ Y Thsiaia+ O Twajai — O Bysya; + 158, | cosh, (86)

Ig = —= pCla/ \/_—cVRﬂ #)(Vising — W, cos @) dr

- % / ¢C4VE(V;cos ¢ + W;sin ¢) dr (87)

———VgreSp1,(Vising — W;cos ¢) dr (88)

Igl] / \/7
e, e

VRc532] (V;sin ¢ — W, cos ¢) dr (89)
VRcSB;gJ (Vising — W, cos @) dr (90)
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- 1
Ib4j = —‘2’/’ Cla
i 1
Igs; = —EP Cia
i 1
IW]j = —Epcla
i 1
i 1
IW3]' = _Ep Cla
i 1
IW4J' - _5/’ Cla
i 1
IW5]' - _’2'/7 Cla
: 1
ItC = _5/) Cla
It =1t

S |
o V1-M?2
VreSps;(Vising — Wicos @)dr

/¢—

—————VgeSw;(Vising — Wicos ¢) dr
[ svesus

/ \/__.VRcSngVsmq& W; cos ) dr
[ 7
/ \/__VRCSW‘,JVSIW W; cos ¢) dr
|

R
1
/ EV}%(V; sin¢ — W, cos ¢) dr
0

—————VpcSws;(Vising — W, cos é) dr

VreSpa; (Vising — Wi cos ¢) dr

VreSws; (Vising — W, cos @) dr

(98)

(99)

The virtual work on the wing done by the rotor-blade air loading, given by equation (29),

is

Fi =

N

>

n=1

_+.

t

Uwi,tip 0
WWi,tip Pzn

WéVi,tip t r 0
PWi,tip (T) Un X | Pon

‘U{;V,' Jtip h+wn Pzn

E Wl]a] + ZKWZ;aJ

J

23
>

j=1

Kp1j450 + Z Kp»idjs

1=1

2
Kpy,d50 + Z Kpajlss

i=1
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2 2
+ ZK;B:ajéjc + Z Kp4j950

2 2
+ E KtB5jq'ja + Z KlBequc

1=1 j=1
+ K0, + K0, + K} (100)

Details of K";ij, By L, K. and K} are given in appendix A.

The wing aerodynamics are more complicated because of the pitching motion. When
some aerodynamics theories are referred to as quasi-steady, the reference often means
the usage of wing velocity relative to air, neglecting the effect of shed vortices. When
pitching motion is introduced, wing velocity relative to the air varies along the chord.
Aerodynamic force becomes dependent upon the point used to represent the wing motion.
It is not appropriate to take the elastic axis as a representative point, since the air forces
are not directly related to blade elasticity. In steady or unsteady aerodynamics (such as
lifting-surface theory or Theodorsen’s theory) the three-quarter chord line is an important
point to represent the boundary condition. In this formulation the boundary condition
for the angle of attack is at the three-quarter chord line, and the effect of shed vortices is
disregarded. The wing aerodynamic force is given by lift /,,, drag d,, and pitching moment
around the elastic axis m,

1 vg + Uy — (0.75 — a.)ey,p
lw = EPV2CwCl,1 [ow + Dy — d Z ( e) pw]

V + 1wy,
1 Vg + Uy — (0.75 — a)ey,p vqw
~ Epvzcwcla [0w + po — w ( = e) wPw Vzw] (101)
|
m, = EpV cwCm + l(ae — 0.25)c,, (102)

where C,, is the pitching-moment coefficient about the aerodynamic center (which is as-
sumed to fall on the one-quarter chord line), and a.c,, is the distance between the leading
edge and the wing elastic axis. Downwash caused by the wing itself is denoted by v4 and
is given using the geometrical angle of attack ,, and the wing-aspect ratio Aw

L _2-AwH AT Ag
T oy var Ay, "

The inclination of lift is expressed as ¢, = v4/V. When this inclination of lift is assumed
unchanged to be, the aerodynamic force on the wing is given in the X and Y directions

(103)
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as (lycos pw — 0.5pV 2¢, Cysin ¢y, —lysin ¢y, +0.5pV 2¢,,Cg cos ¢y). The virtual work on
the wing done by the wing aerodynamic forces is given by
t

L [ lycosdy, —0.50V2¢,Cyisin @y Uw;
G; = / —l, sin ¢y, + 0.5V 2¢,,Cy cos ¢y, Wwi | dy
0 me Py
. 3 3 .
=Gy + Y Giyaja+ Y Glys; & (104)
i=1 j=1

L
. 1
w1 = / EchwCza(Vﬂw ~ vg)-
0
[UWi cos ¢, — Ww;sin ¢y, + (ae - 0.25)Cwa1'] dy
Ly
-—/ —2—pV2cde(Uw,-sin ¢w + Wwicosdy,)dy
0

L
1
+/ EpV%ﬁ)Cme,'dr (105)
0

L
. 1
tV2j :/(; Epcwclavz«PWj’

[Uw; cos ¢y, — Wwisin ¢y, + (@ — 0.25)c,, Pw] dy (106)

L
1
Gwa; = / Epcwcla[—Vij +(0.75 — a.)Ve, Pwj — vaWw,:
0

|Uw i cos ¢y — Wwisin gy + (ae — 0.25)cy Pw ] dr (107)

After the virtual work is written in terms of generalized coordinates, and when one
compares the terms multiplying the constant (independent of azimuth angle Yn), sin Yy,
and cos ¥, terms, the following equations are obtained for the blade equation of motion

3 2 3
Gio +wigio+ Y QL — Y Igiidio— O Iwijé; = Iho (108)
i=1 i=1 =1
3 3 -
Gis + (W: - Qz)qw - 20¢;. + Z Q;jaj + Z Q.}ajdj
7=1 1=1
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2 2
— Z Iga;45s — Zfbsj‘b'c
=1 =1
3 3
=D Tzt = X ysje; = Is0, (109)
i=1 J=1

3 3
Gic + (W! = 0)qic + 2040 + Y QYid; + Y Qd;
7=1 j=1

2 2
=2 Thujdic = 3 Thssais
7=1 Jj=1
3 3
C B - Y- iy = 120 (19
.=l y —

In the same way, by substituting equations (100) and (104) into equation (54), the
following equation is obtained from the constant term of the wing equation of motion:

3
a; +whia; + Z [IBNQ(NyinJ' = NpiNy;) - Gwa; — K;VIJ'] a;
j=1

Gwz; + Kiyz;)e;

'Mn I Mw

LY
I
-

2
NAiydso— 3 Kinyiho + Y- Kbuyas
=1 Jj=1

2)%8"’2( Al + N4, ngf) 9je

+

+
.MN
m|2

[
i

2 A6 T 5045 — S0t Ay; - K}st) 9js

A
i

+
INNgb
N

2
o N . - .
A%J.qjc + Z (? 15_7' - NQAEJ - K;34_7') djc
7=1

[
Il
—

+ +
NN NgE
|2

N N i N ) 1

.
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= KL, + K50, + K}, (111)

Final equations of motion for the generalized coordinates in equations (108) through (110)
are written in the following form:

E*X +EX+E°X=D(6, 0, 0.)* (112)
(ETy ETs ... Elg)

L | B2 Ezp .o Bl

E" = ] , (113)
E, E}, ... E%,

D,y D)2 D3

b

Dy D22 Dag3

b

D= (114)

Doy Doz Dgogs
X = (QIO’ q1s; 91cy, 920, 9255 q92¢, @1, A2, aS)t (115)

Details of the elements E:; and D;; are given in appendix B.
DESIGN OF CONTROL SYSTEM

One approach to suppress coupled wing/rotor self-exited oscillation is active pitch
control of the rotor blade (references 8-11). The tilt-rotor aircraft has other control sur-
faces, such as a flaperon. However, only the pitch control using a conventional swashplate
is considered here. The control system is a simple feedback system which uses wing-
deflection feedback. The possibility of flutter control is investigated using a harmonic
balance method. For simplicity, air loading is calculated here using a two-dimensional
strip theory for both the wing and the rotor blade. In the following analysis, the gravita-
tional force is neglected. When blade pitch control is introduced, the natural frequencies
and corresponding mode shape of the system vary as a function of time. This change is
not considered and the natural frequency and mode shape are assumed to be valid for a
specific flight condition.

This formulation uses generalized coordinates. What actually can be measured in
flight is not a generalized coordinate but the actual deflection or its derivative, which is
given by an infinite series of generalized coordinates. There are two choices in introducing a
feedback control system: one uses a generalized coordinate as input for the control system,
and the other uses an actual deflection or a rate of deflection. The latter is chosen here.
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The wing deflection speed and the acceleration at the wingtip are used for the feedback

input. Cyclic pitch control is given by

0, = Kuad'lw,tip + Kusddaw,tip
+ Kwed'li’w,tip + Kwsddii’w,tip
+ Kpsdliw,tip + Kpsddﬁw,tip

oc = Kucdi‘w,tip + Kucddﬁw,tip
+ chdww,tip + chddww,tip
+ Kpcdi’w,tip + Kpcddﬁw,tip

Using this control law, the final equation is modified to

E*X +E*X +E*X =D(6, 0 0)°

E% = E? — (KysddB® + KycaaB°) V
— (KwsdaB® + KycaaB) W
- (Kpsdst + KpcddBc) P

Elc = El - (Kvsst + chdBc)v
- (Kwsst + chdBc) W
— (KpaaB® + KpeaB) P

EOc — EO
Iy I3 Ig
( 0 0 0 \
0 0 0
T F I -
B® = 0 0 0
0 0 0
Ky Ky K¢
KS KS KS

\ K% Ki K3 )

(116)

(117)

(118)

(119)

(120)

(121)

(122)



0
V=1{0
0

0
W=1{0
0

0
P=1(0
0

[eo i e R o) (=R e} o oo
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I

o o0 o Cc o o O 0
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I
0
0

IZ
0
0

K¢

K¢

K¢

Vwi,tip
Vwa,tip
Vwas,tip

Ww,tip
Wwa tip
WW3,tip

Pwi,tip
Pwa tip
PW3,tip

1
<\
0
12
0 (123)
0
K¢
KZ
K¢,
Vwitip Vwatip
Vwa,tip Vwa,tip (124)
Vwatip Vws,tip
Wwitip Wwitip
Wwatip Wwatip (125)
Wwatip Wwas,tip
Pwitip Pwitip
Pwatip Pwatip (126)
Pwstip Pwatip

The stability of the system, whose motion is given by equation (118), is defined by
the eigenvalues of the following matrix S.

s:<

_E2cIE1c

Iy

__E2cIEOc

) (127)

09

where E?¢! I, and Og indicate the inverse matrix of E?¢, a unit matrix of order nine, and
a zero square matrix of order nine, respectively.

TIMEWISE CALCULATION

To make a transient numerical calculation for the tilt-rotor’s coupled-wing and blade
deflections, and to evaluate the control law given in the previous section, a method is
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given for independent timewise calculations. Determination of the control law is based
on a rather simple theory. A more sophisticated aerodynamics theory and two or more
natural oscillatory modes for each degree of freedom are employed in the transient analysis.

Most of the aeroelastic studies conducted previously have been using quasi-steady and
strip theory. In this study the aerodynamic force is calculated on the basis of an unsteady
theory. The calculation is based on Weissinger’s concept through a vortex lattice method
for the wing and on a local circulation method for the rotor blade (both with modifications
to take the shed-vortex effect into account). Unsteady aerodynamics is a very complex
problem even for a fixed wing with infinite aspect ratio. To get a precise solution requires
large amounts of computer time. As for this study an efficient timewise calculation of
tilt-rotor motion was desired, the following formulation aims at a rapid calculation rather
than an exact solution. Arbitrary wing or rotor-blade motion is treated as a superposition
of harmonic motions for a short interval to make the calcyation simple. Then, for each
harmonic motion, wing theory in harmonic motion is applied.

Wing lift /,, and pitching moment m,. consist of three components: steady components
ls and m,, harmonic components [x and my, and virtual-mass components /,, and m,:

o=l + ) L+l (128)
k
me=mg,+ Z mi + m,. (129)
k

As the shed vortex distribution depends upon the history of the wing motion the wing
deformation and its derivatives are expressed as a series of harmonic components, using
their previous values:

Uy = Uyo + Z awkeiwkt (130)
k

Uy = Uyo + Z ITLu)k:ei““:t (131)
k

Wy = Wyo + Z wwkeiwkt (132)
k

W = o + 3 Wuke™*! (133)
k

Pw=Puwot Y _ Puke (134)
k

Pw = Pwo + Zﬁwkei(‘)kt (135)
k
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where variables with a bar represent complex numbers.

The boundary condition at the position bc,, from the leading edge is
6=~y + Pu(b— aw)cw + (V + )0y + puw) (136)

When the deflection and its time derivative are assumed to be small, the equation is
linearized as
= —ty + Pu(b — aw)ew + V(0w + Pw) + Wylby (137)

The steady lift component is calculated through Weissinger’s concept. At the three-
quarter chord line, the downwash velocity is given by

’110'75 = —‘U,,ﬁ-*- pw(075 — aw)cw + V(0w + pw) + u')wﬁw (138)

Since this value is dependent upon time, it is not directly used in the boundary condition
for the air loading calculation. The steady component of the air loading is calculated using
the constant term of this air velocity as the boundary condition in a vortex lattice method

Ue = —Uyo + ﬁw0(0-75 - aw)cw + V(ow + PwO) + Wyoly (139)

Steady pitching moment around the elastic axis m; is attributed to wing airfoil shape and
is given using the pitching-moment coefficient for a steady airfoil

1
2

mg = ~pV2eZ Cp, ~ 1,(0.25 — ay)cy, (140)
The steady lift given in this way is accurate in the sense that the shed vortex effect does
not exist and that the trailing vortex effect is included.

The unsteady components (harmonic components and virtual mass components) are
more difficult to estimate. Even under the assumptions just given (sinusoidally oscillating
air loading), there is not an easy and versatile calculation method which properly includes
shed vortex and trailing vortex effects. As stated previously, this study aims at the efficient
timewise calculation of tilt-rotor motion. Air loading {x, caused by the kth harmonic
motion is calculated using a two-dimensional theory. Aspect ratio and spanwise location
are taken into account by multiplying I by a factor #:

c Wi < = =
lk = nclapV —21£C ( Zka) (—dwk + Vﬁwk + (0.75 - aw)cwpwk + wwkﬂw) (141)
my = —11(0.25 — ay)cy, (142)
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where C (wgcy /2V) is the Theodorsen function, and the factor n is given by

n=mnz (143)
m = 4w (144)
"2y a4+ A
_4 v)?
m=_\1- (%) (145)
2L)?
4, = 20 (146)
Sw

The variable 7n, is the correction for finite aspect ratio A,,, and 7, is calculated under an
assumption that this air loading is distributed elliptically along the span. The air loading
caused by the virtual mass motion is also given by two-dimensional theory with the same
correction:

Iy = n(l2 +13) (147)
my = n(ma + ma + my) (148)
Cw\2
Iy = pr (—2—) (=t + (0.5 — aw)cwiu) (149)
Cw 2 .

I3 = pm (7) Vpw (150)
mq = —12 (0.25 - aw) Cw (151)
mga = —13(075 - aw)cw (152)

1 cw\?.
mg = —cpm (—5—) Pw- (153)

Drag is calculated using a drag coefficient

1
d= Epvzcde (154)

These equations give the lift, drag, and pitching moment, but not the directions of
lift and drag. In the case of lifting-surface theory, the most accurate expression of lift
and induced drag is the sum of integration of lift along the chord line and leading-edge
suction. Because of the simplification, where the chordwise distribution of bound vortex is
not taken into account, this expression is not available in the present method. The most
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suitable form for this simple case is that the lift is inclined backward by an amount, equal
to the angle between the free flow and the lifting line (the same expression as that in simple
lifting-line theory). It is sometimes discussed in the term of induced drag, and it is known
that the estimation of induced drag is difficult even in a complete lifting surface theory.

The lift and drag values are converted into air-load components in z and z direction (I,
and [,)

l, =lcosdy — dsindy, (155)
l, = ~Isin ¢, — dcos ¢, (156)

The calculation of lift-inclination angle ¢,, is given in appendix C with the formulation of
a vortex lattice method.

The blade air loading calculation is similar to that of the wing, except that it is based
on the local circulation method instead of a vortex lattice method and that it lacks the
torsional degree of freedom. The details of the local circulation method are described in
refernces 2 and 3. Here the method used in the unsteady modification is stated. Among
two dimensional theories of harmonic air loading, Theodorsen’s and Sears’ theories are
widely used. Blade deflection in two directions, in plane and out of plane, is treated just
like the wing case. Apart from the deflection, the blade encounters the induced velocity
field made by the returning vortex; hence the local circulation method is better explained
by the Sears’ theory. However, as stated previously, because this model does not have
a pitching degree of freedom, and because the Sears function can be approximated by
the Theodorsen function when reduced frequency is small, this remaining induced velocity
is included in the boundary condition on the blade element. Harmonic air loading is
calculated using Theodorsen’s theory in this study (reference 12). The air loading caused
by virtual-mass effects is added afterward, because the relation of induced velocity and
circulation is given by the quasi-steady assumption; thus, it does not contain virtual mass
or acceleration terms at all. In this calculation, variation of pylon direction is assumed to
be small, so rotor-blade air loading is calculated using the theory for axial flight.

The components of blade lift are steady lift, harmonic lift, and virtual mass lift

b=le+ ) Letly (157)
k

The blade motion relative to the air is composed of cruising velocity, rotating velocity,
induced velocity, and blade- and wing-deformation velocity (figure 6). These velocities
give the geometrical angle of attack at the elastic axis as

Up + Uy COS @

ac=0-¢ U

(158)
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=t -1
¢ = tan e (159)

U=+(r0)?+V? (160)

When v, is written in terms of in-plane and out-of-plane deformations equations (158)
becomes

Uy

ag=0—-¢ - — 161
G é U (161)

us = (ug — W — thy, — r¥ysin Yy, + ri, cos P, ) cos @
+ [0+ riy + (—tw — hip + Vi) singy, + (—hiy + Viy) cosipy]sing  (162)

This geometrical angle of attack is written in Fourier series, based upon its past values
oG = ago + Z dckeiw"t. (163)
k

For the steady component a g, the conventional local-circulation method with the Prandtl-
Glauert rule is applied, and the following equation is satisfied at each control point:

1 1
ly = ————=pU?cC <a - = A)
PN G PP
:pUE A~y (164)

where Av and A~ are the induced velocity perpendicular to local airflow and the circulation
of the hypothetical wing, respectively.

The sinusoidal component of the air loading is given by two-dimensional theory, with-
out considering the effect of compressibility, but with corrections, similar to the wing-air
loading case, for aspect ratio and spanwise location:

- Wi ;
e = ngchIaC ( 2ka) &ertwkt (165)
n=Mmn2 (166)
A
(167)

N Vat A

N2 = %Vl -2 (168)

_R-R,

- [
2r—(R+ R.)

~ R_R,

A (169)

3 (170)
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Theodorsen’s theory treats both the pitching motion and the heaving motion of a wing.
The relative velocity of the blade to the air varies along the chordwise position because of
pitching motion. Since the rotor blade model does not have a pitching degree of freedom,
virtual-mass terms are assumed to be related to the acceleration of the blade elastic axis
neglecting blade pitch motion.

l, = pm (%)2(12)cos¢~i}sin¢) (171)

This equation concludes the air loading calculation. The virtual work required to
complete the equations of motion can now be calculated by equations (27) through (29).
Timewise integration is carried out using a Runge-Kutta-Gill method. By conducting
timewise calculations both with and without the feedback system, the effectiveness of the
feedback system can be evaluated.

NUMERICAL RESULTS

The methods of control law determination and the timewise calculation just given
are applied in this section. The specifications of the model aircraft used in numerical
calculations are given in table 1 and in figures 7 and 8. Blade pitch angle is chosen to
give the thrust of 7,000 N at the design advance ratio V/QR = 0.7 and such that the
thrust changes proportionally to the square of cruising speed. Trim thrust and pitch angle
determined in this way are given in figure 9.

Figure 10 presents the change of the real part of the eigenvalues as a function of aircraft
cruise velocity. This figure shows that this model remains stable for advance ratios up to
1.8.

To investigate the feedback-control efficiency, the stiffness of the considered tilt-rotor
model is reduced. Because flutter peculiar to the tilt-rotor aircraft is the major concern in
this report, the wing stiffness was reduced to one-eighth of the baseline model for all the
degrees of freedom in the wing, while the rotor-blade stiffness is assumed to be unchanged.
Natural frequencies and mode shapes employed in the eigenvalue analysis are given in
Figures 11 through 15 for the new rotor/wing model. These modes are attributed to
blade-in-plane, blade out-of-plane, wing-upward, wing-forward, and wing-torsional degrees
of freedom, respectively. Figure 16 gives the real part of the eigenvalue as a function of
advance ratio V/Q1R for the reduced stiffness model. An eigenvalue will become unstable
when the advance ratio exceeds about 1.5.
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For further numerical results, an almost critical case in which the advanced ratio
is equal to 1.5 is chosen and the design of a control law is investigated. In the previous
section, input to the feedback system as a function of wingtip upward and forward bending
and torsion was described. Using all of these parameters is not necessary in the present
case. When selecting one or more of the parameters, the eigenvector and mode shape
corresponding to the unstable mode is of greatest importance. The two eigenvectors which
have the greatest real part at the advance ratio of 1.5 are given in figure 17. Among the
elements of the eigenvector, only the elements which have absolute values of more than 5%
of the largest element value are shown in this figure. The critical element is attributed to
the wing’s second lowest natural frequency and the other element to the the wing’s third
lowest frequency. Wing second and third modes correspond, in turn, to forward deflection
and torsion, respectively, as seen in Figures 14 and 15. To stabilize or to augment the
stability of these modes, feedback of dominant deformations are expected to be effective.
As the simplest case, paying attention to the least damped mode only, velocity of the wing
forward bending w,, is chosen as an input for the feedback system, which means all the
feedback gains except for K,,s¢ and K,,.4 are equal to zero.

Figure 18 shows the effect of feedback on the real part of the systems eigenvalues. Only
those eigenvalues that have a real part greater than —1.0 are shown among the eigenvalues,
since highly damped modes need not be considered. The imaginary parts (frequency) of
the eigenvalues change at most 2% when the feedback gain changes from 0.0 to —0.05.
The eigenvalues without feedback are given along each line. The dominant, generalized
coordinate corresponding to each eigenvector is also given along each line in parentheses.
All the modes are simultaneously stabilized when feeding back the cosine term of cyclic
pitch. Some modes are stabilized yet others are destabilized in case of feedback with
the sine term of cyclic pitch. Feedback of the sine term of cyclic pitch works about as
well as that of the cosine term as far as the critical mode (a3, wing forward bending) is
concerned. However, sine feedback is unfavorable, in that the two modes which have the
largest eigenvalue real part cannot be stabilized simultaneously. From figure 18, feedback
of the cosine term of cyclic pitch is expected to work better than the sine term of cyclic
pitch does. Consequently the feedback gain to the cosine term K4 is set to —0.03 for
evaluation of this control system.

Timewise calculation are made to see whether the feedback system just discussed is
effective. Calculations are carried out without introducing rotor-blade or wing elasticity
for the first five revolutions of the rotor rotation to get the air loading in an almost
equilibrium state. The full equations of motion are employed after five revolutions; thus,
the initial conditions for these equations are the deviations from the deflected equilibrium
state. Figures 19 through 24 show the results for all the degrees of freedom both without
and with feedback control. The abscissa is the number of rotor revolutions after elasticity
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is introduced. The results for 100 revolutions, or approximately 15 sec, are given. With no
feedback control, the wing-upward deflection appears to be converging (figure 19) because
the lowest damped modes are dominated by generalized coordinates a; and as (wing-
forward deflection and wing torsion). Wing-forward deflection (figure 20) and wing torsion
(pylon-pitch angle; figure 21) show oscillation with almost constant amplitude with no
feedback. Blade deformations do not appear to converge without control in spite of the
fact that the lowest damped modes are not characterized by blade deflection.

Once feedback control is introduced (uw,, feedback with k.4 = —0.03) wing-forward
and wing-torsional deflections are stabilized (Figs. 20 and 21). Stabilization is expected
because these deflections are characterized by the two lowest damped eigenvalues and
the real parts of each value are significantly reduced (stabilized) with the introduction of
feedback control. The wing-upward deflection does not show an improvement because the
eigenvalue, characterizing this motion (w = 6.0 rad/sec) is not affected by the introduction
of feedback to the cosine term. The amplitude of blade-out-of-plane deflection becomes
smaller since the eigenvalue for that mode (w = 62.3 rad/sec) is changed by the control.
The cyclic-pitch angle (figure 24) is sufficiently small so that there is additional control
capability for stabilizing less stable flight conditions or for stabilizing oscillations of greater
amplitude. From this time-history analysis, this control system has been proved to work as
it should, and it would be expected to work as well under less stable operating conditions.

CONCLUDING REMARKS

Tilt rotor flutter control was investigated. The determination of the control law was
based on a harmonic-balance method using a simple aerodynamic theory. It was confirmed
that the stability of tilt-rotor motion is improved by using closed-loop, cyclic-pitch control.
The validity of the control law determined in this way was demonstrated by a timewise
calculation in which more sophisticated aerodynamics were considered. The selection of
the feedback gain and the placement of the sensor were not based on any specific criterion.
Establishing the optimal gain is left to future study.

34




APPENDIX A
Expressions for Ky, .., Kp,. ., K, K& and K}

Rotor-blade loading pg, and p,,, are expressed in harmonic terms.
Pon = Poo + PosSin Y, + Poc COS Py,
Pzn = P20 + PzsSINYp + P cOS Yy,

Moreover the variables pso, Pgs, Poc, Pzo, Pzs, and p,. are subdivided into pitch-angle
and generalized-coordinate terms:

2 3
Pon =Psoo t+ Zpeodjodjo + Z Péoa; dj

2 2
+ (p0330s + Z p@scjj,,qjs + Z Dbsq;.95c
j=1 =1

3 3
+ Z Pesd,- dj + Z pb’saj aj) sin "pn

j:l j-_—l

2 2
+ (p0cc0c + Z p0cq'j,, (jjc + Z p9cqj,.q1's
j:l 7=1

3 3
+ Z Péca; dj + Z Péca; aj) COs Yy,

i=1 J=1

2 3
Pzn =Pz00 t+ Z Pz04;0 ‘jjO + Z Pz0a; dj
1=1 1=1

2 2
+ (Pzssbs + szscj]-,.qjs + szsq]-, q;c
J=1 J=1

3 3
+ Z Dzsa; a; + Z Dzsa; aj) sin Yy
=1

Jj=1 J

2 2
+ (pzccoc + szcdjcq.jc + szcqj,,st

3 3
+ Z Pzca; dj + Z Pzca, aj) cos Py,

=1 i=1
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where

1 1
Peoo = ‘Tl_——;pVﬁccza(ao ~ ¢)sing — EPVJ%CCd cos ¢

1 Sp
i = T ——— VieC sm¢
P60g; 2mp RCVla—+ VR

'72 ral

S
T’()Odj—_— 2\/—1-_——/) RClla—

smq>
1
Poss = *———m—pVRch sin ¢
1 SB2;
- V2 C J o
Pésg;. 2 1_M2P RClla Va sin ¢
1 Sp3j .
= ——————=pVicC .
Pésq;. 5 1__M2P rClla Ve sin ¢
1 Sw 2
Pésa; 9 1_M2PV}§CCIQ—'—iSIH¢
3J .
Pésa; 2- 1—M2PV}§CCIQ sm¢
1
Pécc = 5\/—1————M—;P‘/§Ccmsm¢
1 Spa; .
o= pV 2eCly
poch(‘ 2 1—M2p R la VR Sln¢
1 SBs;
L e — V2 C YDBY) s
Pécq;. 9 I_sz RClla Vi sin ¢
1 Swa;
S V2 C J o
Poca; 9 ].——M2p RClla VR SlIl(,‘b
_ 1 2 SWS]‘ .
Poca; = -—————2 =7 pVRcCIO,—V; sin ¢
- WEeCia(0o - - Lovzeeysi
Pz00 = 2\/1_:Wp £¢Cio(00 — ¢)cos ¢ 5PVRe 4sin ¢
S
sy = VieC
Pz04;0 2\/, sz p¢Cla—— VR cosqS
S .
szdJ = 2\/1—_————pVRCCla R COS¢
1
Pzss = WPVRCCM cos ¢
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1 Spa
Pasij, = 5 ==z ;?cha—‘;R—’ cos ¢
Pzsq;. 21 _M2P R ClQV—RJ cos ¢
1 Swa
Dzsa; o1 = M2 pV}%CCIQ VR] C05¢
1 SwaJ
Pzsa; ﬁp ,%chV— cos ¢
1
Pzcc 21 szVI%CCla COS¢
Pzcg;. v = M2 pVRCClaV—RJ cos ¢
1 2 SBS]'
cCia—— cos
Dzcq;, o1 —M2p RCLla = ¢
1
Pzca; 1 M2 pV}§CCIQ J COS¢
1

S .
pVﬁcC;a W55 cos ¢
Vr

Pres = o TR
Substituting these relations into equation (29) yields

3
fi =) (Kiyijé; + Kisja;)
1=1
2 « . - . -
+ Z (KB1j450 + K290 + Kpa;jdis + Kpajdjs + Kps;djc + Kfaej‘b‘c)
i=1

+Ki0, + K56, + K}

. N R
Kwy; = 7/0 [ — Xiposa; +2Zip20a;
+ Nyi(_hPOCdj + szsdj)
— Npi(hposa; + TPzca;)

+ 2N,irpoos; | dr
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. N (R
leavzj = ?/0 [Xi(—POsa,- + 2NyjPZOO)
+ Nyi(—hP0caj + rPzsa; t 2TijP800)

+ Np,’(—ZNyjPOOO - hp@sa,- - hpzca,-)] dr

D
4

A N [
Kgyj = 0} / (2Zip20<ijo + 2Nrirp90éjn) dr
0
. N (R
K};zj = PY /(; ( - Xipé?sqj,. + NyirPzsg;. — NPihp93§jn) dr
‘ N (E
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. N E
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+ Nyi(Vjpzoo - WJ'POOO + TPzsq;. — hPOcqj,,)
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0
. N [RE
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0
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APPENDIX B
Matrix Elements of Final Equations

The following matrix elements for equations (112) through (114), with an exception
for E7,, are given for: 1=1,2; j =1,2;k = 1,3;and | = 1,3:

E%, =1 (1=1~9) o \
E? i E3i_23i_2=w;
3i— 6 — Wik
i—2,k+ ! Eg'—l P w? _ 02
2 t 1 ,31 1
E3i 1 kve = Q2 EO© __p
9 i 311,35 — —1B3j
E3i,k+6 = Q4k E.o _ i
2 _ i 3i—1,k+6 — “dwsk
Eii63i—2 =NAy, E° —_r
N 3i,3j—1 — —1Bs5j
El% 6,3i—1 — —Alzc' E?° —w2_n2
+6,31— 9 T4t 34,31 =W,
N EO —_ 7
2 _ k : =
Eireai = 5 As 2"”6 kW5"
Ek+6,3z-2 = Kpy;
N
: 0 _ k k 2 4k
Eé,-_z,:gj-»~2 = —Ip;, Efi63i-1 = ?(Aei + 045, — 0°43))
1 _ i k
Esi_sk+6 = ~Iwik — Kps;
El 14,00 =—1Ig,; 0 N & k 2 4k
?;' 1.3;-1 B2y Exi63i = 3(1471' - 045, — N°43)
E;. - = =20
3:-1,3: k
E'l. — Qi _ I‘i KB6:
3i—1,k+6 3k — dwak ;
ELl .. = 20 E° _ ] “Gwa J#k
31,31—1 =2 7+6,k+6 -G .
1 i W2k + wa J=
E3i,3j = _IB4j
1 _ N i
E3ikre = Qsk — Iwak ;
D3i_sy =1
1 k s BO
Ek+6,3i—2 = —Kpy;, T
D312 =1
N x s S
1 _ k k .
Eii63i-1 = ?Au + NQAz; — Kp,; D3; 3 = It
N D = Kk
1 _ k k k k+6,1 0
Ej 16,3 = ?Asi — NQAj;, — Kpy; .
. Diy6,2 = Kg
Ek+6,l+6 = IBNQ(NykNpl - NplNyk) k
x , Diiss = K¢
— Gwa — Kwu
E™ (if not given above = 0
1,7 g
D; ;(if not given above) = 0
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APPENDIX C

Vortex Lattice Method for Wing Aerodynamics

Figure C1 shows the tilt-rotor-wing coordinate system for the bound-vortex calcula-
tion. Only the right half wing is shown because the whole wing is assumed to be symmetric.
The semispan wing is equally divided into k segments and the vortex év; is trailed from
the outer edge of the ith segment. Downwash at the ¢th control point v; is given as

k
v, = Z B,‘j&’y]'
j=1

where B;;6+; is the induced velocity on :th control point by the trailing vortex from the
outer edge of jth segment. The wing’s mirror image and corresponding bound vortex
connects the upper two trailing vortices. The coefficients B;; are given by

B — 1 2+ Te+ Ybj — You Te+ Ybj t Yoi
= ———
T am(ys; — yed) Ve —us)2 + 22 \/(Yei +ypy)? + 22

where z,. is the distance between the bound vortex and the control point and is equal to
the semi-chord, ys; is the distance of jth segment outer edge from the center of whole wing,
and y.; is the distance of the 1th control point from the center of the whole wing. Writing
the boundary condition (i.e., downwash on the 7th control point) as b;, the equation which
connects the intensity of each trailing vortex and the boundary conditions is given by

6 by
1 R
v/ \b
By Biz ... Bk
w- |
B-kl B.k2 B;ck
The intensity of the trailing vortex is given by
6 by
SRR
610 by

40




The intensity of the bound vortex in the jth section ~;; is

Yok = 6k
Yo k—i = Yk + 6k 1=1,2,...k—1

Finally, the lift distribution in 7th section /; is
li = pV i
To determine the direction of the lift, the induced velocity on the bound vortex vp; needs to

be determined. The lift is caused by the trailing vortex only, since a straight and unswept
wing is considered. The equation for the induced velocity is

k
1 6, 6y,
Vb = — ( Yy Y )
4m oy \Ybi T Yei  Ubj + Yei

The backward inclination of lift ¢,, is given by

k
1 65 0;
4V E ( *

Yboj — Yei  Ybj + Yei

j=1
WING TIP
> 57k
BOUND VORTEX ok
25% CHORD LINE >
TRAILING VORTEX 57-
l 1
*i (CONTROL POINT)
=
Sle = -
i ! & .3 -
= N
5-9 h - 572
‘5 o2
> > 571
o1
A —i
1
Xe = E‘ Cw

| Figure C1.- Vortex lattice geometry for wing aerodynamics.
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TABLE 1.- SPECIFICATION OF BASELINE TILT ROTOR MODEL.

ROTOR
number of blades, N
radius, R
cutout, R,
chord, ¢
solidity, o
lift slope, Cj,
drag coefficient, Cy
rotational angular velocity,
blade-flapping inertia, Ip
blade mass, Mp

WING
semispan, L
chord, ¢,,
geometric angle of attack, aw
lift slope, C;,
drag coefficient, cg4
pitching moment coefficient, C,,
position of elastic axis from leading edge, a.
position of center of gravity from leading edge, ¢,

PYLON
mass, Mp
mast height, h
pitching mass moment of inertia, I,
rolling mass moment of inertia, Ipy
yawing mass moment of inertia, I,

3
3.81m
0.15R
0.356 m
0.076
5.73
0.0125

40.4 rad/sed (386.0rpm)

176.1kg - m?
42.9kg

5.08m
1.58 m
2.7°
5.73
0.004
—0.005
0.26
0.26

644.0kg
1.3m

257.6 kg - m?
57.5kg - m?
223.4kg - m?

43




BLADE
PYLON WING

Figure 1.- Tilt-rotor model.

Figure 2.- Coordinate system and pylon rotations.
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Figure 3.- Wing and blade deformation.
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Figure 4.- Rotor azimuth angle and pylon rotation.
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Figure 5.- Air-loading geometry on wing and blade.
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Figure 7.- Blade structural properties.
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Figure 8.- Baseline-wing structural properties.
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Figure 9.- Pitch angle and thrust necessary for cruise flight.
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Figure 10.- Real part of eigenvalues for baseline-wing configuration.
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Figure 11.- First blade mode shape; w; = 37.6 rad/sec.
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Figure 12.- Second blade mode shape; w,; = 60.6 rad /sec.
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Figure 13.- First wing mode shape; wy,; = 6.19 rad/sec.
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Figure 14.- Second wing mode shape; wy2 = 11.2 rad/sec.
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Figure 15.- Third wing mode shape; w,3 = 18.1 rad/sec.
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Figure 16.- Real part of eigenvalues for one eighth stiffness wing configuration.

53



2

2

’ 92c A = -0.00477 + 10.4i
q1s
a3
42s
81 33
——
>
2C A = -0.0892 + 17.7i
q1s

a2

Figure 17.- Eigenvectors without feedback for lowest damped modes; V/QIR = 1.5.
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Figure 18.- Real part of eigenvalues with wing feedback; V/QR = 1.5.
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Figure 18.- Concluded.
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a.- No feedback control.
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b.- Feedback control; K,.4 = —0.03.

Figure 19.- Wingtip upward deflection.
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b.- Feedback control; K,,.4 = —0.03.

Figure 20.- Wingtip forward deflection.
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b.- Feedback control; K.q = —0.03.

Figure 21.- Pylon-pitch angle.
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Figure 22.- First-blade inplane deflection.
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b.- Feedback control; K4 = —0.03.

Figure 23.- First-blade out-of-plane deflection.
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Figure 24.- Cosine cyclic-control pitch used for feedback; K,,.q = —0.03.
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